The pattern of segregation of DNA in Escherichia coli K-12 was analyzed by labeling replicating DNA with 5-bromodeoxyuridine followed by differential staining of nucleoids. Three types of visible arrangement were found in four-nucleoid groups derived from a native nucleoid after two replication rounds. Type A, segregation of both old strands toward cell poles, appeared with the highest frequency (0.6 to 0.8). Type B, segregation of one old strand toward the cell pole and the other toward the cell center, was twice as frequent as type C, segregation of both old strands toward the cell center. These results confirm previous data showing that DNA segregation in E. coli is nonrandom while presenting a certain degree of randomness. The proportions of the three indicated types of arrangement suggest a new probabilistic model to explain the observed segregation pattern. It is proposed that DNA strands segregate either nonrandomly, with a probability of between 0 and 1, or randomly. In nonrandom segregation, both old strands are always directed toward cell poles. Experimental data reported here or by other authors fit better with the predictions of this model than with those of other previously proposed deterministic or probabilistic models.
Knowledge of the DNA segregation pattern might help to understand how a dividing cell distributes its DNA between the two daughter cells. The segregation of DNA can be random or nonrandom; Cooper et al. (3) have defined nonrandom "to mean that there is a relationship between the pole toward which a DNA strand segregates in one generation and the pole that it segregates to in the succeeding generation."
Several authors have suggested that DNA segregation in Escherichia coli is random (2, 9, 10, 16) . However, Pierucci and Helmstetter (14) and Pierucci and Zuchowski (15) have demonstrated that DNA segregation in this bacterium is nonrandom, although it shows a certain degree of randomness. Confirmation of this segregation pattern was obtained by Cooper et al. (3, 4) .
Nonrandom segregation can be explained mechanistically by the attachment of DNA to the membrane of E. coli (for a review, see reference 13) . Another problem is how to explain the existence of a certain degree of randomness that, in addition, is strain and growth condition dependent (3, 4, 14) . The IB model of Pierucci and Zuchowski (15) proposes that one DNA strand segregates randomly and that the complementary strand segregates nonrandomly, as though bound to a pole of the cell. This deterministic model was discarded by Cooper et al. (3, 4) ; they introduced probabilistic models in which there is no distinction between strands, and association between DNA and a cell pole is not permanent. Their strand inertia (SI) model (4) typifies this type of model. The SI model proposes that strands segregate, with a probability (P) greater than 0.5, toward the same pole as that of the previous cell division. However, as indicated by the authors themselves, their data do not eliminate other probabilistic models, suggesting that further work is required to understand the mechanism of nonrandom segregation in E. coli.
The segregation of DNA in bacteria has been analyzed by labeling DNA with radioactive thymine. An apparent limitation of this technique with E. coli is that, to obtain clear data, * Corresponding author. experiments must be carried out by starting with nucleoids that have only one labeled strand (3) . Further analysis of four-nucleoid groups derived from such labeled nucleoids gives partial information about segregation because only two group types are obtained: labeled nucleoid in positions 1 or 2. We have tried to avoid such limitation by continuous labeling of replicating DNA with 5-bromodeoxyuridine (5-BUdR), followed by differential staining of 5-BUdR-substituted nucleoids. It is well known that this technique offers more resolution power than does radioactive labeling for the analysis of sister chromatid exchanges in the nuclei of eucaryotic cells. Three types of four-nucleoid groups were obtained in E. coli after two rounds of replication of native nucleoids in the presence of 5-bromouracil. Statistical analysis of these groups confirms that DNA segregation in E. coli is nonrandom with a certain degree of randomness. A new probabilistic model of segregation is proposed: predictions of this model are consistent not only with our data but also with those from other laboratories (3, 4, 15) .
MATERIALS AND METHODS
Bacterial strain and growth conditions. The bacterium used was the thermosensitive division defective strain of E. coli K-12 strain D3 F-ilv his thyA (deo) ara(Am) lac-125(Am) gal epimerase trp(Am) SupF (A81T) ftsA3(Ts) (17) . Cells were grown in M9 minimal medium (1) supplemented with glucose (0.4%), Casamino Acids (200 ,ug/ml), required amino acids (40 ,ug/ml each), adenine, cytosine and uracil (20 ,ug/ml each), and thymine (10 p.g/ml). A 50-ml portion of this medium was inoculated with a single colony of strain D3 and incubated at 30°C until an optical absorption (450-nm wavelength) of about 0.3 U was reached.
Labeling of DNA with 5-bromouracil. Cells were harvested by filtration, washed twice with prewarmed (30°C) growth medium without either Casamino Acids or required amino acids, resuspended in the same deficient growth medium, and incubated at 30°C for 70 min. Then, required amino acids (40 ,ug/ml each), Casamino Acids (200 ,ug/ml), and 5-bromouracil (10 ,ug/ml) were added, and incubation was continued, at either 30°C, if cell suspensions were required, or 42°C, to obtain filaments. Samples were taken at intervals between 90 and 180 min after addition of 5-bromouracil, 200 ,g of chloramphenicol (CAP) per ml was added to them, and they were incubated without temperature change. To visualize a maximum number of differenitially stained chromosomes, the time of incubation in the presence of CAP appears to be critical. This is probably due to the need to achieve both an optimal chromosome condensation (19) carried out on cells with aligned chromosomes by using cultures that were previously incubated without the required amino acids (11) . Groups of four labeled nucleoids, derived from one native nucleold, which are appropriate for morphological analysis should be those which have been mostly aligned by final incubation in the presence of CAP. The theoretical generation of these groups is illustrated in Fig. 1 . First replication can only give rise to three types of nucleoid pairs on the basis of semiconservative replicatioh (12): type A, outside segregation of both native strands; type B, each native strand segregates in different ways; type C, inside segregation of both native strands. These nucleoid-pair types are morphologically indistinguishable. A second replication is necessary to achieve differential staining of nucleoids. Among the four nucleoids formed, two of them will be slightly stained (pale) because they only contain 5-BUdRsubstituted strands; the other two will be more stained (dark) due to the presence of a native strand. The three types of four-nucleoid groups which are theoretically possible reflect directly the pattern of segregation of the first replication round, independently of how strands segregate in the second round; therefore, we shall also call them types A, B, and C ( Fig. 1 ). Nonrandom segregation generates only one segregation type; random segregatiort generates 25% type A, 50% type B, and 25% type C; and nonrandom segregation with a certain degree of randomness can also generate the three types but in different proportions.
Morphological analysis of cells and filameints of E. coli D3. The generation time of E. coli D3 growing under our experimental conditions is 65 min, and its cell cycle parameters are C = 70 min and D -40 min. It is important to point out that not all cells in the D period are able to divide in the absence of protein synthesis; this is achieved during the last 20 to 22 min of the cell cycle (unpublished data). A similar behavior has been suggested for othet E. coli strains (18 Experimentally determined values reported in this paper and those measured by Pierucci and Zuchowski (15) are compared with ASM model predicted values in Table 2 . A c similar comparison is shown in Table 3 protein synthesis inhibition to allow termination of already initiated rounds of replication. The other 62% should contain two genome equivalents. Morphological analysis of strain D3 cells incubated in the presence of 5-bromouracil for 2 to 3 h shows that about 40% of the cells contain four visible nucleoids, which is consistent with the reported calculations. Strain D3 filaments obtained at the restrictive temperature and prepared for morphological analysis by DNA labeling with 5-bromouracil for more than 2 h, also show a large number of nucleoids generally associated (at least morphologically) in groups of four (Fig. 2) . The analysis of the labeling pattern of nucleoids can be carried out more easily in filaments than in cells, because nucleoids appear to be more separated. This is relevant for technical reasons (Fig. 2) .
Pattern of DNA segregation. Labeled strain D3 cells containing four nucleoids, two pales and two darks, were classified according to the three expected types, A, B, and C (described above), and their relative proportion was estimated ( Table 1 16 -nucleoid filaments (half dark and half pale) formed from cells with 4 native nucleoids, the 4-nucleoid set which is closer to one of the filament poles should derive from a native nucleoid, the contiguous set of 4 nucleoids should derive from another native nucleoid, and so on.
Possible problems are the unknown effects due to segregation of 5-BUdR-substituted DNA, use of a strain harboring an fts mutation, use of high temperature in some experiments, and final incubation with CAP. In our opinion, if these problems exist they are not significant because it is not logical that the degree of randomness is reduced by experimental artifacts. The value of FA is inversely proportional to the degree of random segregation. The FA value is 0.73 in strain D3 cells grown in glucose at 30°C and is 0.64 when shifted to 42°C ( Table 2 . SI model equations for the analysis of the DNA segregation pattern that must be applied to the experimental design described in Fig. 1 are: FA = p2; FB = 2p (1 -p); and Fc = (1 -p)2. The symbol p accounts for the probability of one strand to segregate toward the same pole as at the previous nucleoid division, and it was calculated from the experimentally determined values of FA. The IB model predicts (15) : FA = 0.375, FB = 0.5, and Fc = 0.125 (see footnote c of Table 2 ).
c Ratios derived from B/r data reported in Table 2. 3) is not absolutely conclusive because it does not discard other probabilistic models. For a better support to the ASM model, we have compared experimental and predicted values of FA, FB, and Fc ratios as calculated with the ASM and other previously proposed models ( Table 4 ). The conclusion is that experimental data fit better to the ASM model than to the other models (the same conclusion is obtained with data from strain D3 cells, which are not reported in Table 4 ).
Mechanism of segregation. None of the results reported here bears directly on the segregation mechanism. However, we propose two different hypotheses that are consistent with the possible existence of two alternative systems of segregation, one random and another totally nonrandom in which both old strands only segregate toward cell poles. The simplest hypothesis is that random segregation is due to occasional detachment of both DNA strands from the membrane during initiation of DNA replication. This is obviously a critical point in the process of DNA synthesis. Nonrandom segregation works when the anchorage of both DNA strands is preserved. A more attractive hypothesis is to conceive random segregation as a part of a security system ensuring that the three main processes necessary for 'DNA distribution between daughter cells, synthesis initiation, replication, and segregation are properly carried out. This hypothesis is R C 0 P Non-random SU RS SU * Random RC NRC i described and illustrated in Fig. 3 . Nonrandom segregation occurs so far as both the conversion of an old segregation unit (SU) into a replication complex (RC) and the process by which the RC is split into two new SU and a replication site (RS) are carried out normally. This situation may change for at least three reasons: DNA synthesis does not initiate, the new RS is not active, and the new SU cannot separate. If any of these problems arise, cells build up a new replication complex to which they transport the replication origins of both DNA strands, and random segregation takes place. This hypothesis is also consistent with previous observations about changes in the degree of random segregation and its dependence on strain and growth conditions (3, 4, 14) : a logical expectation is that the indicated problems must arise with different probability depending on the strain and on the conditions of growth. Finally, the differences between the segregation patterns of E. coli and eucaryotic cells (6, 8) bear comment. In eucaryotic cells, chromosomes without sister chromatid exchanges show exclusively nonrandom DNA segregation, with both old strands directed toward the inner part of the chromosome. The different orientation between old and new strands in eucaryotic and procaryotic cells may be trivial. However, the appearance of a certain degree of randomness Scheme to illustrate a hypothesis that explains the existence of two mechanisms for DNA segregation: one for nonrandom segregation that operates with a P value and another for random segregation whose probability is 1 -P. Simultaneous DNA segregation and replication is carried out in SU and RS: both SU and RS might be located in the inner membrane (0/Z777). DNA is represented linearly. At DNA synthesis initiation, the SU is converted into an RC. If operation of such an RC is normal (probability of P), DNA strands do not lose their attachment to the membrane, and segregation is nonrandom; both old strands are segregated toward cell poles, originating type A pattern (new synthesized strands are here represented by discontinuous lines). However, if there is a failure (probability of 1 -P) either at initiation, in the replication machinery, or in the process of splitting the RC into new SU and RS, a new replication complex (NRC) is synthesized to which DNA strands are randomly transported, giving rise to any of the three possible segregation patterns, A, B, or C. In in procaryotic cells could reflect their property of overlapping rounds of DNA replication (7) , which is higher during fast growth.
